Natural genetic competence-based transformation contributed to the evolution of prokaryotes, 1 including the cyanobacterial phylum that established oxygenic photosynthesis. The 2 cyanobacterium Synechococcus elongatus is noted both as a model system for analyzing a 3 prokaryotic circadian clock and for its facile, but poorly understood, natural competence. Here a 4 genome-wide screen aimed at determining the genetic basis of competence in cyanobacteria 5 identified all genes required for natural transformation in S. elongatus, including conserved Type 6 IV pilus, competence-associated, and newly described genes, and revealed that the circadian clock 7 controls the process. The findings uncover a daily program that determines the state of competence 8 in S. elongatus and adapts to seasonal changes of day-length. Pilus biogenesis occurs daily in the 9 morning, but competence is maximal upon the coincidence of circadian dusk and the onset of 10 darkness. As in heterotrophic bacteria, where natural competence is conditionally regulated by 11 nutritional or other stress, cyanobacterial competence is conditional and is tied to the daily cycle 12 set by the cell's most critical nutritional source, the Sun. 13 Horizontal exchange of genetic material through conjugation, phage transduction, and natural 1 competence shaped the evolution of the prokaryotic domain of life 1 . The phenomenon of natural 2 competence was famously discovered by Griffith in 1928 in the Gram-positive bacterium Streptococcus 3 pneumoniae 2 . In Gram-negative bacteria such as Vibrio cholerae the core apparatus of DNA uptake is 4 the type IVa pilus machine (T4PM) and an assemblage of competence-associated proteins 3 . The T4PM 5 is composed of an extracellular pilus fiber (T4P) and a cell envelope-spanning complex called the basal 6 body 4 . The major pilin PilA, processed by the prepilin peptidase PilD, makes a pilus that extends and 7 retracts through the addition and removal of pilin subunits at the pilus base, powered by the assembly 8 and disassembly adenosine triphosphatases PilB and PilT, respectively. The exogenous DNA (eDNA) 9 that enters the periplasm through the T4PM is pulled in by ComEA, a DNA binding protein, and crosses 10 the inner membrane through the ComEC channel. Once the eDNA, processed to single stranded DNA 11 (ssDNA), reaches the cytoplasm, Ssb and DprA bind to the ssDNA and protect it from degradation; 12 DprA also recruits RecA, which recombines the ssDNA with the chromosome. Although common 13 mechanisms of DNA uptake and processing are thought to be shared by most transformable bacteria, 14 numerous questions remain unanswered and the regulatory mechanisms that control competence vary 15 among transformable species 5,6 . 16 Synechococcus elongatus PCC 7942 is a model cyanobacterium for the study of circadian rhythms 7 and 17 a platform strain for the production of biochemicals 8 . S. elongatus has been known to be naturally 18 transformable since 1970 9 , but the mechanisms by which it or any other cyanobacterium takes up DNA 19 from the environment are still poorly understood 10-12 . Cyanobacteria constitute a diverse phylum of 20 prokaryotes that established oxygenic photosynthesis at least 3 billion years ago 13 and contribute a large 21 fraction of primary production in the oceans 14 . In contrast to other bacteria, cyanobacteria rely on light 22 as a primary source of energy; accordingly, their cellular activities respond strongly to the presence and 23 absence of light 15 . To synchronize their activities over a diel (24-h day-night) cycle, cyanobacteria use an endogenous circadian clock 7 . The proteins KaiA, KaiB, and KaiC comprise the core oscillator of the 1 clock, which programs a ~24 h cycle marked by the phosphorylation state of KaiC, whose autokinase 2 and phosphatase activities are modulated by KaiA and KaiB. To synchronize the oscillator with the 3 Earth's diel cycle, input pathways that involve KaiA, KaiC, and the histidine kinase CikA monitor the 4 light availability through cellular redox states and energy status 16,17 . To regulate circadian processes, an 5 output pathway relays KaiC phosphorylation states to a two-component system with 2 antagonistic 6 histidine kinases, CikA and SasA, and the response regulator RpaA 18 . RpaA serves as a master 7 transcription factor that binds more than 134 transcript targets 19 and enables complex circadian gene 8 expression patterns by regulating a cascade of interdependent sigma factors 20 . 9
Seasonal photoperiod 1
The regulation of competence by the clock and darkness is reminiscent of a model of external 2 coincidence proposed by Erwin Bunning in 1936 35 . This model explains how the underlying circadian 3 cycle adjusts to different seasonal photoperiods to change the abundance at dusk or dawn of components 4 whose activity is directly or indirectly affected by the presence of light. For example, external 5 coincidence underlies the timing of daily hypocotyl elongation in Arabidopsis 36 . Although 6 cyanobacterial growth varies over seasons in the environment 37 , no studies address a contribution of 7 photoperiodic regulation or a role for the internal circadian clock. We asked whether the daily pattern of 8 natural competence is affected by changes in photoperiod that mark seasonal variations. 9 Levels of competence were measured every 2 h over a 24-h time course in LL and LD using cultures of during the night but was almost entirely suppressed from dawn until dusk. In long days, a small fraction 1 of the cells remains competent at dawn. The peak of competence occurs 2 to 4 h after nightfall in both 2 regular and long days. In long days, the peak time is delayed by 4 h compared to regular days. To further 3 illustrate the cooperative effect of darkness on natural competence, additional assays were performed on 4 cultures maintained for 4 h in the light after anticipated nightfall and in the dark at the onset of the day 5 ( Fig. 5b,d , white bars below or next to black bars). In both photoperiods, natural competence remains 6 low after anticipated nightfall if the cells are maintained in light conditions, demonstrating the need for 7 dark induction; furthermore, as in LL, darkness has little effect on natural competence if not aligned with 8 the circadian peak. 9
Discussion

10
Cyanobacteria are important photosynthetic primary producers in many environments 14 and have great 11 potential as platforms for the production of renewable biochemicals 8 , so understanding their genetic 12 exchange mechanisms is of ecological and practical importance. In-depth studies of natural competence 13 have largely focused on bacterial pathogens 3,40-42 , so little is known about the process in other prokaryotic 14 phyla. In cyanobacteria, some of the conserved T4PM and competence proteins had been shown to be 15 essential for competence 10, 43 . Our work experimentally extends this knowledge to encompass all proteins 16 that are required for the process including those that could not be identified solely by bioinformatics 11 .
17
Beyond conserved T4PM and competence proteins, we also identified hypothetical proteins and PilA3, 18 a rare minor pilin, which are required for natural transformation of S. elongatus. Similarly, minor pilins 19 were found to be necessary for floc formation in the cyanobacterium Synechocystis sp. PCC 6803 44 .
20
Although a fundamental blueprint for DNA uptake and processing may be conserved among bacteria, 21 the regulatory mechanisms and inducing cues vary among phyla 5,6 . The finding of a daily rhythm of 22 natural competence, controlled by the circadian clock and nightfall, makes physiological sense for the 23 phototrophic cyanobacteria, invoking recurrent general themes of nutritional status and stressful conditions 5 as drivers of competence. Their internal clock allows cyanobacteria to anticipate the daily 1 change in light and dark, which is important as they rely upon light to drive photosynthetic metabolism 2 and growth, and must adapt their physiology daily to darkness 45 . While the circadian rhythmicity of 3 competence can be tied directly to the phosphorylation state of KaiC and the RpaA-dependent expression 4 of dusk-peaking genes 19,21 that are essential for natural competence, the network of transcriptional 5 regulators beyond RpaA and RpaB 29 is unmapped. We found that the alternative sigma factor SigF2, 6 which is a target of RpaA and RpaB 19,29 , factors into the dark-inducing mechanism, likely through its 7 role in the expression of DprA, which loads ssDNA on RecA prior to recombination 3,5 . open-close gate on division, cells must integrate internal and external cues to decide when to divide 48 .
16
The evolutionary pressure for circadian gating of cell division or competence is not obvious, but they 17 may be related, as the timing of maximal natural competence roughly corresponds to the window during 18 which cell division is disallowed. Growth arrest coregulated with competence has been observed in other 19 model organisms 6 . Moreover, the S. elongatus chromosome undergoes a clock-dependent compaction 20 cycle, with chromosomes maximally compacted around dusk and decompacting during the night 22 .
21
These rhythms suggest that there may be a limited time during the day when eDNA taken up from the Why did it take so long to discover the circadian rhythm of competence in S. elongatus, which is famous 1 for its robust clock? The strain is so compliant as a model organism that daily variations were not notable 2 until queried rigorously 12 . For convenience cultures are grown in LL, where they remain rhythmic, but 3 the population exhibits variations in clock phasing such that competent cells are always present during 4 routine laboratory growth, and the transformation of such cultures always leads to more transformants 5 than are required for most genetic experiments. Res 16, 1099-1108 (2006) . (2450) PilF (0208) PilP (0168) PilN (2452) PilO (2451) PilM (2453) PilC (2069) PilB (2071) pilT (2070) PilT (0847) PilT (2349) PilD (1935) PilA1 (0048) pilA1 (0049) PilA2 (2479) PilA3 (2590) PilW (2591) RntA (2486) RntB (2485) 2482 2484
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